Introduction {#sec1}
============

High-grade gliomas are the most common primary central nervous system tumors, and their classification by the World Health Organization has recently undergone a major revision \[[@bib1],[@bib2]\]. This revision is based on the improved understanding of gliomagenesis and the molecular determinants of glioma behavior. The most clearly defined role is that of IDH mutations (muts), which appear to be the hallmark of lower grade disease and improved prognosis \[[@bib3]\]. Oligodendrogliomas are now molecularly defined by the simultaneous presence of IDH muts and codeletion of chromosomal arms 1p and 19q. Furthermore, 1p/19q codeletion has predictive value in terms of response to specific chemotherapy regimens \[[@bib4]\], while mutant IDH is becoming the target of new experimental agents \[[@bib5]\]. The molecular profiling of gliomas has recently incorporated telomerase reverse transcriptase (TERT) promoter muts as a major determinant of prognosis with opposite effect in low- versus high-grade disease \[[@bib6]\].

Neurofibromin 1 (NF1) is a tumor suppressor gene that codes for neurofibromin \[[@bib7]\]. Inactivating somatic NF1 muts have also been described to play a significant role in gliomagenesis \[[@bib8]\] with preclinical models showing its critical role in combination with p53 \[[@bib9]\]. Furthermore, in The Cancer Genome Atlas (TCGA) data, NF1 has been shown to be associated with the mesenchymal subtype of glioblastoma (GBM) \[[@bib10]\]. Other biomarkers are being evaluated, whose place in the clinical management of patients (pts) is still not fully understood. Several attempts have been made to include O-6-methylguanine-DNA methyltransferase (MGMT) methylation, TERT promoter, ATRX, and IDH1/2 muts, as well as 1p19q \[[@bib11], [@bib12], [@bib13]\] in classifications that reflect different glioma prognostic groups and may have therapeutic implications.

Recent technological advances allow a more in-depth study of the molecular profile of glioma with next generation sequencing (NGS) on formalin fixed paraffin-embedded (FFPE) tissue. This has led to a number of studies on the prognostic significance of these parameters with variable results \[[@bib14],[@bib15]\]. In an attempt to further explore the prognostic role and interrelation of some known biomarkers, we examined the molecular profile of 101 high grade gliomas by NGS and the TERT promoter status by Sanger sequencing. Lastly, the MGMT promoter methylation is a well-known epigenetic event that affects the prognosis of gliomas, is associated with IDH mut and the methylator phenotype and, most importantly, with response to alkylator therapy \[[@bib12],[@bib16]\]. We had MGMT promoter methylation data on 77 of 101 pts, and we included those in our analysis.

Patients and Methods {#sec2}
====================

One hundred and twenty-six pts with high-grade gliomas and available FFPE tissue samples treated in 2 centers of the Hellenic Cooperative Oncology Group (HeCOG) were registered. Clinical data were retrieved from the HeCOG data office (Athens, Greece). Tumor paraffin blocks were retrieved from the HeCOG biorepository after pt informed consent. We examined 93 blocks from primary tumor and 8 from recurrent tumor. Tumor blocks were stored and centrally processed in the Laboratory of Molecular Oncology (MOL; Hellenic Foundation for Cancer Research/Aristotle University of Thessaloniki) for histology review, including confirmation of tumor tissue on the section; comparison to local typing; Ki67 labeling; histologic grade; areas with necrosis; hemorrhagic infiltrates; microvascular proliferation; assessment of tumor cell content; and selection of tumor areas for macrodissection. The translational protocol was approved by the Bioethics Committee of the Aristotle University of Thessaloniki School of Medicine (No 2/February 4, 2015). MGMT testing was performed at GeneKor Medical SA, Athens, Greece.

Tissue Processing and NGS Genotyping {#sec2.1}
------------------------------------

Tumor dense areas were marked on H&Es and macrodissected manually from 10 μm unstained FFPE sections prior to DNA extraction with the QIAamp DNA Mini Kit (Qiagen GmbH, Hilden, Germany), according to standard procedures. DNA concentration was measured with the Qubit fluorometer (Life Technologies, Paisley, UK); 114/126 (90.5%) tumor DNA samples with concentration ≥ 2 ng DNA/μl were processed for NGS.

Tumor genotyping was performed at the MOL with an NGS panel for the most prevalent muts described by TCGA in GBMs \[[@bib17],[@bib18]\] and with Sanger sequencing for mut hotspots in the TERT promoter \[[@bib19]\]. For the panel design, genomic coordinates of targeted regions, based on the GRCh37 assembly, were submitted to the Ampliseq pipeline (Thermo Fisher Scientific/Ion Torrent) to design primers that yield amplicons up to 175 bp in length, adapted for FFPE DNA. Primer specificity was further evaluated with the NCBI\'s BLAST tool. The applied IAD68363_167 custom Ampliseq panel spanned a total sequence of 31.6 kb and targeted muts in 55 genes ([Supplemental Table S1](#appsec1){ref-type="sec"}). Following library construction, NGS genotyping was implemented in an Ion Personal Genome Machine (Thermo Fisher/Ion Torrent). Data retrieval, base calling, and the generation of sequence reads were performed on the Torrent Server with Torrent Suite v.4.4.2, followed by adapter sequence trimming, read alignment to the human reference genome, and variant calling. Resulting variants were annotated by Ion Reporter v.4 and accepted for analysis on quality filtering with the following eligibility criteria: p value \< 0.0001 (Ion Torrent metric for variant read quality); \>100 amplicon reads; position coverage \>100; and variant coverage \>40 for worse accepted variants (100 reads). Indels involving GC stretches and nonannotated variants were excluded from analysis. With the applied panel, the cutoffs for sample eligibility were set at mean depth 150 and number of variants ≥5. For samples without muts, the cutoff for sample eligibility was set at 300.

Based on the above, 101/114 (88.6%) FFPE tumors from an equal number of pts were informative for analysis. For these samples, mean/median values for mean read depth were 435/305 (range: 185--3524); mean/median values for the number of eligible variants were 23/22 (range: 5--206). Eligible variants were called muts if these were amino acid or splice-site changing, and if minor allele frequency (MAF) \< 0.1% based on dbSNP, 5000 Exomes, and ExAC (<http://exac.broadinstitute.org/>).

Screening of tumors for TERT promoter muts C228T and C250T, located at positions 1,295,228 and 1,295,250 (GRCh37 assembly) of chromosome 5, was accomplished with nested PCR, using two appropriate primer pairs targeting a 201 bp region within the TERT locus: an outer primer pair (forward 5′-ACCCGTCCTGCCCCTTCACCT-3′ and reverse 5′ CCAGCGGCAGCACCTCGCGGTA-3′) and a nested M13-coupled primer pair (forward 5′-ACCCGTCCTGCCCCTTCACCT-3′ and reverse 5′-CGGGGCCAGGGCTTCCCAC-3′). PCR reactions were performed in a GeneAmp PCR system as follows: 95 °C for 10 min; 18 or 28 cycles (1st or 2nd round PCR, respectively) of denaturation at 95 °C for 30 s; annealing at 68 °C for 30 s; and primer extension at 72 °C for 1 min. For the 2nd PCR, a final extension step at 72 °C for 10 min was added. Sense and antisense sequencing was accomplished with the Big Dye Terminator kit v.1.1 (Applied Biosystems, Foster City, USA), followed by capillary electrophoresis in an ABI3130XL genetic analyzer. Sequence data were visualized and called with the Sequencing Analysis software v5.2.

MGMT methylation detection was also carried out on FFPE tissue. Methylation pattern in the CpG island of MGMT was determined by chemical modification of unmethylated, but not methylated, cytosines to uracil, using the EpiTect Bisulfite Kit (Qiagen). Methylation-specific PCR (MSP) was performed with primers specific for either modified methylated or unmethylated DNA as described previously \[[@bib20]\]. MSP reactions were carried out in duplicates. A methylation-positive sample and a negative control were included in each experiment.

Statistical Analysis {#sec2.2}
--------------------

Continuous variables are presented as medians with the corresponding range and categorical variables as frequencies with the respective percentages. Chi-square or Fisher\'s exact test (where appropriate) was used for comparisons of categorical variables, while the nonparametric Wilcoxon rank-sum test was performed to detect differences between categorical and continuous variables.

Overall survival (OS) was measured as the time interval from the date of diagnosis to the date of pt\'s death or last contact (whichever occurred first). Surviving pts were censored at the date of their last contact. Survival curves were produced using the Kaplan-Meier method and compared across groups with the log-rank test. All parameters were tested for proportionality using time-dependent covariates. Univariate and multivariate Cox regression analyses were performed to assess the association between factors of interest (see below) and mortality rates.

In the entire cohort, a multivariate Cox proportional hazard regression model was applied, including age, TERT mutational status (mutated vs. wild-type \[wt\]), NF1 mutational status (mutated vs. wt), IDH1/2 mutational status (mutated vs. wt), and MGMT promoter methylation status (methylated vs. unmethylated), parameters that showed statistical significance in the univariate analyses (*p* \< 0.005).

Survival analysis was additionally performed in the subgroup of pts with wt IDH1/2 tumors. Similar to the analyses conducted for the entire cohort, we assessed the impact of TERT muts upon adjustment for all parameters that showed significance or revealed a trend towards significance (*p* \< 0.10) in the univariate analysis (age, NF1 mutational status, TP53 mutational status, number of mutated genes per tumor, and MGMT promoter methylation status).

All tests were two-sided at an alpha 5% level of significance. No adjustment for multiple comparisons was performed. The SAS version 9.3 (SAS Institute) was used for the statistical analysis, and the R studio version 3.5.0 was used to produce survival plots and maps with the mut pattern of genes.

Results {#sec3}
=======

A total of 101 pts with grade III--IV gliomas were included in the current study ([Figure 1](#fig1){ref-type="fig"}). Selected pt and tumor characteristics for the entire study population and by grade are presented in [Table 1](#tbl1){ref-type="table"}. In total, 85 pts were centrally assessed as grade IV gliomas, while the rest of the pts (15.8%) had grade III tumors. The median age at diagnosis was 54.7 years, with pts with grade IV tumors being diagnosed at an older age compared with those with grade III gliomas (median age: 56.9 \[21.3--78.2\] vs. 48.3 \[27.4--62.9\], Wilcoxon rank-sum *p* = 0.004). Most pts were males (58.4%) and had undergone subtotal tumor excision (59.4%). Four pts had anaplastic oligodendrogliomas (AOs), and one pt had a high grade astroblastoma with areas of astrocytoma as assessed by an experienced pathologist (E.V). Of note, only two out of the four histologically defined AOs were found to carry a codeletion of chromosomal arms 1p and 19q.Figure 1REMARK diagram.Figure 1Table 1Selected Patient and Tumor Characteristics by Tumor Grade.Table 1Total (*N* = 101)Grade III (*N* = 16)Grade IV (*N* = 85)**Age at Diagnosis**Median (minimum--maximum)54.7 (21.3--78.2)48.3 (27.4--62.9)56.9 (21.3--78.2)**Ki67***N*1001684Median (minimum--maximum)18.0 (0.0--80.0)15.0 (0.0--80.0)19.0 (0.0--70.0)*N*%*N*%*N*%**Sex**Female4241.6425.03844.7Male5958.41275.04755.3**Type of Surgery**2322.8425.01922.4Biopsy (\<75% of the tumor)/stereotactic biopsySubtotal (75--99% of the tumor)6059.4956.35160.0Total excision1312.916.31214.1Unknown55.0212.533.5**Necrosis**No1918.81487.555.9Yes8281.2212.58094.1**Hemorrhage**No2322.81275.01112.9Yes7877.2425.07487.1**Endothelial Hyperplasia**No1817.81168.878.2Yes8382.2531.27891.8

A total of 270 muts were detected in 92 of the 101 tumors (91.1%). Among the 92 tumors with muts, 43 (46.7%) carried only one mut, 35 (38%) carried 2 muts, and 14 (15.2%) carried 3 or more muts. On average, grade III tumors carried 2 muts (range: 1--4), while grade IV tumors carried 1 mut (range 0--45). The distribution of muts per gene per tumor is presented in [Figure 2](#fig2){ref-type="fig"}*A*, while [Supplemental Table S2](#appsec1){ref-type="sec"} presents the frequency distribution of mutated genes per grade. TERT, TP53, IDH1/2, EGFR, and NF1 were the most frequently mutated genes. Neither the number of muts nor the number of mutated genes per tumor differed between pts with grade III and grade IV tumors (Wilcoxon rank-sum *p* = 0.082 and *p* = 0.055, respectively). Seventy-five pts had tumors with muts in the TERT promoter and 26 pts had wt TERT. Among the 75 pts with TERT muts, 60 (80%) had C228T, 13 had C250T, and 2 both C228T and C250T. TP53 and IDH1/2 muts were identified in 24.8% and 13.9% of the study population, respectively, while 14.9% of pts carried EGFR muts. As described in detail in [Figure 2](#fig2){ref-type="fig"}*B*, NF1 muts were frameshifts and missense muts and occurred at clonal frequencies in the affected tumors (mutated allele frequency \> 25% \[[@bib21]\]). All NF1 muts were observed in pts with grade IV tumors, while only one tumor with EGFR mut was detected among pts with grade III tumors. All IDH1 muts concerned the same known amino acid change (p.Arg132His). The only IDH2 mut was a not previously reported variant, p.Ala174Val, next to the p.Arg172 hotspot, in a GBM of a 62-year-old female pt. All IDH1/2 muts were present at clonal frequencies in the affected tumors. In contrast to NF1, and as expected, most of the IDH1/2 muts (71.4%) were observed in pts with grade III tumors. The MGMT promoter methylation status was available for 77 of the 101 pts included in the analysis (76.2%). Of note, out of the 14 pts with IDH1/2 muts, those with available MGMT methylation data (10 pts) were all methylated. In contrast, all 22 pts with unmethylated MGMT had wt IDH1/2 tumors. MGMT was informative for 6 of the 7 pts with NF1 muts and 2 of them had methylated MGMT.Figure 2**Maps show the distribution of mutations per gene per tumor.A.Mutation profiles for all affected genes.B.Mutual exclusiveness of NF1 and IDH1/2 mutations and their association with TERT mutations.** Of the seven tumors with NF1 mutations, 4 (beige bars) had frame shift deletions: p.Tyr2285fs at 57% frequency of the tumor DNA at this position, p.Asp2346fs at 68%, p.Phe1247fs at 80%, and p.Pro678fs at 28%; 2 tumors (purple bar) had nonsense mutations: p.Gln2302Ter at 16% and p.Gln1255Ter at 18% frequency; lastly, one tumor (blue bar) had two missense mutations (p.Gly1133Asp, p.Val1146Ile) at 20% and 30% frequency of the tumor DNA; the latter was the only NF1 mutated tumor without mutated TERT.Figure 2

As shown in [Figure 2](#fig2){ref-type="fig"}*B*, IDH1/2 and NF1 muts were mutually exclusive. In an attempt to explore the relationship between NF1 and TERT, tumors were further classified according to their TERT and NF1 mutational status. Comutation of TERT and NF1 was detected in 6 pts (5.9%), while 25 pts had wt TERT and NF1, 69 pts had wt NF1 and mutated TERT, and in one tumor TERT was wt and NF1 was mutated. It is of note that all 6 comutations of TERT and NF1 were observed in pts with grade IV tumors. In addition, all 6 pts carrying muts in both TERT and NF1, as well as the one pt with mutated NF1 and wt TERT, had wt IDH1/2, while only 7 out of the 25 pts (28%) with wt TERT and NF1 and 7/69 (10.1%) pts with wt NF1 and mutated TERT carried muts in IDH1/2, respectively.

The associations of the mutational status (mutated/wt) with several clinicopathological parameters among the most frequently mutated genes are presented in [Table 2](#tbl2){ref-type="table"}. pts carrying muts in IDH1/2 were of younger age compared with those with wt IDH1/2, while pts with TERT muts were older (Wilcoxon rank-sum *p* = 0.001 and *p* \< 0.001, respectively). No significant differences were detected between Ki67 levels and the mutational status of the examined genes. Tumors with wt IDH1/2 and TP53 were more frequently grade IV.Table 2Associations Between Clinicopathological Parameters and the Mutational Status of Several Genes.Table 2EGFRIDH1/2NF1PTENTERTTP53wtmut*p*wtMut*p*wtmut*p*wtmut*p*wtmut*p*wtmut*p*AgeMedian (minimum--maximum)54.6 (21.3--77.9)59.0 (40.8--78.2)0.20956.2 (21.3--78.2)43.2 (25.2--62.9)**0.001**54.4 (21.3--78.2)62.7 (45.9--73.8)0.06454.5 (21.3--78.2)57.1 (53.4--65.7)0.42346.5 (21.3--74.1)57.7 (33.0--78.2)**\<0.001**54.6 (23.1--78.2)59.0 (21.3--77.9)0.805Ki67Median (minimum--maximum)17.0 (0--80.0)25.0 (0.5--70.0)0.53818.0 (0--70.0)15.0 (1.5--80.0)0.96118.0 (0--80.0)16.0 (3.0--20.0)0.27918.0 (0--80.0)25.0 (8.0--35.0)0.67516.5 (0--75.0)18 (0--80.0)0.80218.0 (0--70.0)18.0 (0--80.0)0.984Tumor gradeIII15 (17.4)1 (6.7)0.2926 (6.9)10 (71.4)**\<0.001**16 (17.0)0 (0.0)0.23416 (16.8)0 (0.0)0.2737(26.9)9(12.0)0.0738 (10.5)8 (32.0)**0.011**IV71 (82.6)14 (93.3)81 (93.1)4 (28.6)78 (83.0)7 (100.0)79 (83.2)6 (100.0)19(73.1)66(88.0)68 (89.5)17 (68.0)SexFemale33 (38.4)9 (60.0)0.11738 (43.7)4 (28.6)0.28740 (42.6)2 (28.6)0.46938 (40.0)4 (66.7)0.1999(34.6)33(44.0)0.40329 (38.2)13 (52.0)0.223Male53 (61.6)6 (40.0)49 (56.3)10 (71.4)54 (57.4)5 (71.4)57 (60.0)2 (33.3)17(65.4)42(56.0)47 (61.8)12 (48.0)Type of surgeryBiopsy/stereotactic biopsy19 (23.2)4 (28.6)0.89218 (21.7)5 (38.5)0.36821 (23.6)2 (28.6)0.55320 (22.2)3 (50.0)0.2569(36.0)14(19.7)0.11918 (25.0)5 (20.8)0.835Subtotal52 (63.4)8 (57.1)54 (65.1)6 (46.2)55 (61.8)5 (71.4)58 (64.4)2 (33.3)15(60.0)45(63.4)45 (62.5)15 (62.5)Total excision11 (13.4)2 (14.3)11 (13.3)2 (15.4)13 (14.6)0 (0.0)12 (13.3)1 (16.7)1(4.0)12(16.9)9 (12.5)4 (16.7)NecrosisNo18 (20.9)1 (6.7)0.19210 (11.5)9 (64.3)**\<0.001**19 (20.2)0 (0.0)0.18719 (20.0)0 (0.0)0.2249(34.6)10(13.3)**0.017**12 (15.8)7 (28.0)0.175Yes68 (79.1)14 (93.3)77 (88.5)5 (35.7)75 (79.8)7 (100.0)76 (80.0)6 (100.0)17(65.4)65(86.7)64 (84.2)18 (72.0)HemorrhageNo20 (23.3)3 (20.0)0.78115 (17.2)8 (57.1)**0.001**22 (23.4)1 (14.3)0.57922 (23.2)1 (16.7)0.71311(42.3)12(16.0)**0.006**13 (17.1)10 (40.0)**0.018**Yes66 (76.7)12 (80.0)72 (82.8)6 (42.9)72 (76.6)6 (85.7)73 (76.8)5 (83.3)15(57.7)63(84.0)63 (82.9)15 (60.0)Endothelial hyperplasiaNo17 (19.8)1 (6.7)0.22110 (11.5)8 (57.1)**\<0.001**18 (19.1)0 (0.0)0.20218 (18.9)0 (0.0)0.2406(23.1)12(16.0)0.41713 (17.1)5 (20.0)0.743Yes69 (80.2)14 (93.3)77 (88.5)6 (42.9)76 (80.9)7 (100.0)77 (81.1)6 (100.0)20(76.9)63(84.0)63 (82.9)20 (80.0)[^1]

The 2 × 2 associations of the mutational status between EGFR, IDH1/2, NF1, PTEN, TERT, and TP53 are presented in [Table 3](#tbl3){ref-type="table"}. pts with TERT muts as compared with those with wt TERT had more frequently wt TP53 and IDH1/2(chi-square *p* = 0.016 and *p* = 0.025, respectively). In addition, wt TP53 was more frequent in pts with wt IDH1/2 (*p* \< 0.001).Table 3Associations of the Mutational Status Between EGFR, IDH1/2, NF1, PTEN, TERT, and TP53.Table 3EGFRIDH1/2NF1PTENTERTTP53mutwt*p*mutwt*p*mutWt*p*mutwt*p*mutwt*p*mutwt*p*EGFRwt0 (0.0)86 (100.0)mut15 (100.0)0 (0.0)IDH1/2wt14 (93.3)73 (84.9)0.3820 (0.0)87 (100.0)mut1 (6.7)13 (15.1)14 (100.0)0 (0.0)NF1wt12 (80.0)82 (95.3)**0.031**14 (100.0)80 (92.0)0.2710 (0.0)94 (100.0)mut3 (20.0)4 (4.7)0 (0.0)7 (8.0)7 (100.0)0 (0.0)PTENwt12 (80.0)83 (96.5)**0.013**13 (92.9)82 (94.3)0.8385 (71.4)90 (95.7)**0.009**0 (0.0)95 (100.0)mut3 (20.0)3 (3.5)1 (7.1)5 (5.7)2 (28.6)4 (4.3)6 (100.0)0 (0.0)TERTwt2 (13.3)24 (27.9)0.2347 (50.0)19 (21.8)**0.025**1 (14.3)25 (26.6)0.4721 (16.7)25 (26.3)0.6000 (0.0)26 (100.0)mut13 (86.7)62 (72.1)7 (50.0)68 (78.2)6 (85.7)69 (73.4)5 (83.3)70 (73.7)75 (100.0)0 (0.0)TP53wt11 (73.3)65 (75.6)0.8525 (35.7)71 (81.6)**\<0.001**4 (57.1)72 (76.6)0.2502 (33.3)74 (77.9)**0.014**61 (81.3)15 (57.7)**0.016**0 (0.0)76 (100.0)mut4 (26.7)21 (24.4)9 (64.3)16 (18.4)3 (42.9)22 (23.4)4 (66.7)21 (22.1)14 (18.7)11 (42.3)25 (100.0)0 (0.0)[^2]

Pts were followed up for a median of 82.3 months (95% CI 59.0--185.1), and throughout this period 87 deaths were reported. The median OS for all pts included in the study was 22.0 months (95% CI 17.3--27.9), while 74.3% survived one year since diagnosis. The 6-month and the 9-month survival rates were 87.1% and 81.2%, respectively. The median OS for pts with grade IV tumors was 20.8 months (95% CI 15.8--27.0) and was significantly shorter compared with that of pts with grade III tumors whose median OS was 64.6 months (95% CI 20.3--116.5) (log-rank *p* = 0.007).

Pts with wt TERT had significantly longer survival compared with those with TERT muts (median OS: 40.4 months \[95% CI 28.1--94.1\] vs. 17.7 months \[95% CI 14.4--21.5\], log-rank *p* = 0.001). Among pts with wt NF1, those with wt TERT had median OS of 40.8 months (95% CI 28.3--94.1), while those with mutated TERT had median OS of 18.5 months (95% CI 14.4--21.7). All six pts with comutation of TERT and NF1 had died at the final follow-up (median OS: 12.2 months \[95% CI 2.2--29.5\]), while the pt with wt TERT and mutated NF1 died within 24 days after the diagnosis of grade IV glioma. [Figure 3](#fig3){ref-type="fig"}(*A*--*C*) presents the Kaplan--Meier plots based on the mutational status of NF1, TERT, and IDH1/2 with respect to OS in the entire cohort.Figure 3Kaplan--Meier plots with respect to overall survival based on the mutational status of (A) NF1, (B) TERT, and (C) IDH1/2 genes in the entire cohort and (D) TERT/NF1 among patients with IDH1/2 wild-type tumors.Figure 3

As expected, among IDH1/2 negative pts, those with wt TERT had median OS of 35.3 months (95% CI 27.3--41.5), while those with mutated TERT had median OS of 16.1 months (95% CI 13.8--20.8). The 7 pts with both TERT and IDH1/2 muts had a median OS of 45.1 months, while those with IDH1/2 muts had a median OS of only 94.1 months (95% CI 27.9--95.0). In addition, pts with wt NF1 and TERT presented with longer survival compared with those with wt NF1 and mutated TERT (median OS: 36.0 months \[95% CI 27.4--41.5\] vs. 17.3 months \[95% CI 14.0--20.8\]) among pts with IDH1/2 wt tumors ([Figure 3](#fig3){ref-type="fig"}*D*).

As depicted in [Supplemental Table S3](#appsec1){ref-type="sec"}, pts with muts in NF1 and TERT were at significantly higher risk of death compared with those without (hazard ratio \[HR\] = 3.19, 95% CI 1.44--7.06, Wald\'s *p* = 0.004 and HR = 2.28, 95% CI 1.36--3.83, *p* = 0.002, respectively). In contrast, pts with muts in IDH1/2 presented with longer survival compared with pts with wt IDH1/2 (HR = 0.24, 95% CI 0.11--0.52, *p* \< 0.001), while pts with methylated MGMT promoter were at significantly lower risk of death compared with those with unmethylated MGMT (HR = 0.47, 95% CI 0.28--0.80, *p* = 0.006). Age at the time of diagnosis was also a significant prognostic factor for OS with the expected hazard ratio of death increasing with each year increase in age (HR = 1.05, 95% CI 1.03--1.07, *p* \< 0.001).

On multivariate analysis, adjusting for age, NF1, IDH1/2 mutational status, and MGMT promoter methylator status, TERT muts were found to be marginally associated with shorter OS (HR = 1.88, 95% CI 1.00--3.51, *p* = 0.049), whereas mutated NF1 lost its unfavorable prognostic significance for OS (HR = 1.92, 95% CI 0.79--4.70, *p* = 0.151). Age, MGMT promoter status, and IDH1/2 mutational status remained significant factors in the multivariate analysis, underlining their independent prognostic significance for OS in the entire cohort ([Table 4](#tbl4){ref-type="table"}).Table 4Results of the Cox Multivariate Regression Analyses with Respect to OS (A) in the Entire Cohort and (B) in Patients with Wild-type IDH1/2 Tumors.Table 4ParameterN PatientsN EventsHR (95% CI)*p****(A) Entire Cohort (77 Patients; 65 Events)*Age**[∗](#tbl4fnlowast){ref-type="table-fn"}1.04 (1.01--1.07)**0.016TERT Mutational Status**Mutated vs. wild-type55 vs. 2250 vs. 151.88 (1.00--3.51)**0.049NF1 Mutational Status**Mutated vs. wild-type6 vs. 716 vs. 591.92 (0.79--4.70)0.151**IDH1/2 Mutational Status**Mutated vs. wild-type10 vs. 675 vs. 600.30 (0.10--0.86)**0.026MGMT Promoter Status**Methylated vs. unmethylated55 vs. 2244 vs. 210.49 (0.28--0.87)**0.014*(B) IDH1/2 Wild-type Tumors (67 Patients; 60 Events)*Age**[∗](#tbl4fnlowast){ref-type="table-fn"}1.03 (1.00--1.06)0.054**TERT Mutational Status**Mutated vs. Wild-type51 vs. 1647 vs. 132.26 (1.09--4.66)**0.028NF1 Mutational Status**Mutated versus wild-type6 vs. 616 vs. 541.82 (0.59--5.64)0.301**N Mutated Genes Per Tumor**[∗](#tbl4fnlowast){ref-type="table-fn"}1.00 (0.89--1.20)0.935**TP53 Mutational Status**Mutated vs. wild-type11 vs. 5611 vs. 491.62 (0.68--3.83)0.275**MGMT Promoter Status**Methylated vs. unmethylated45 vs. 2239 vs. 210.49 (0.28--0.86)**0.013**[^3][^4]

Similar results were observed in the subgroup of pts with wt IDH1/2 tumors for NF1 and TERT (HR = 2.70, 95% CI 1.22--5.97, *p* = 0.014 and HR = 1.99, 95% CI 1.14--3.47, *p* = 0.015, respectively), while a trend towards longer survival was observed for pts with methylated MGMT promoter (HR = 0.62, 95% CI 0.36--1.05, *p* = 0.076). Mutated TP53 univariately showed a trend for worse survival (HR = 1.63, 95% CI 0.94--2.85, *p* = 0.085), whereas increase in pt\'s age and in the number of mutated genes per tumor was associated with higher risk of death (HR = 1.05, 95% CI 1.02--1.07, *p* \< 0.001 and HR = 1.09, 95% CI 1.02--1.16, *p* = 0.009, respectively) ([Supplemental Table S4](#appsec1){ref-type="sec"}).

In multivariate analysis, in pts with IDH1/2 wt tumors, adjusting for age, the number of mutated genes per tumor, TP53, NF1 and MGMT promoter methylator status, mutated TERT was associated with shorter OS (HR = 2.26, 95% CI 1.09--4.66, *p* = 0.028) ([Table 4](#tbl4){ref-type="table"}).

Discussion {#sec4}
==========

We presented herein a series of high-grade glioma pts treated in two institutions in Greece, whose tumors were examined by NGS for a number of muts previously described in gliomas. Subsequently, we evaluated their association with one another and with pt outcome. NF1 was found to be among the most frequently mutated genes, and all such muts were found in GBMs, none of which carried an IDH mut. TERT was also tested in all pts. As expected, IDH mutant tumors were associated with younger age and, as our cohort included only high-grade tumors, TERT muts were associated with poorer outcome.

The NF1 gene is a large tumor suppressor gene, spread on the 17q11.2 locus \[[@bib22]\]. Its product neurofibromin is expressed at high levels in the CNS and in association with tubulin. As its role is the regulation of the RAS/MAPK pathway, its absence leads to prolonged RAS/RAF/MARK activation, as well as decreased PI3K/AKT-regulated apoptosis. In fact, the mTOR pathway is constitutively activated in NF-deficient cells \[[@bib8]\]. NF1 germline mut is inherited in an autosomal dominant pattern leading to neurofibromatosis 1, a disease most commonly associated with cutaneous neurofibromas, cafe au lait macules, and optic gliomas as well as peripheral nerve sheath tumors \[[@bib23]\]. Interestingly, one study showed that the few GBMs that occur in pts with germline NF1 muts have a more benign course than sporadic GBMs \[[@bib24]\].

NF1 may undergo proteasomal and genetic inactivation in gliomas \[[@bib25]\]. Somatic NF1 muts have been reported in 11% \[[@bib22]\] or up to 23% of GBMs \[[@bib8]\] and at a lower rate in lower grade gliomas. Here, we identified NF1 muts in GBMs only, they were single base pair alterations and were considered pathogenic, as previously described \[[@bib8]\]. NF1 mutations are reported as drivers in low-grade gliomas \[[@bib26]\] where they seem to confer adverse prognosis \[[@bib22]\]. Their role as drivers in GBMs is less clear though: NF1 muts with PTEN mut were considered the hallmark of the mesenchymal subtype in the TCGA data, as they were found in 53% of such tumors \[[@bib10]\]. Of note, in an extended series, only 13% of mesenchymal tumors carried muts in this gene \[[@bib17]\], and in another study, NF1 muts were not associated with GBM pt outcome \[[@bib22]\]. Our pts with NF1 mutated tumors had a poor outcome, as 6/7 died within the first 16 months and only one, who also carried a TERT mut, survived up to 30 months. In fact, 6/7 pts with NF1 muts also carried muts in TERT, while only one pt had wt TERT and died within 24 days.

Whether the poor outcomes were a result of the mut of NF1 alone or of its comutation with other genes such as TP53, cannot be concluded safely \[[@bib25]\]. Of note, NF1 muts were mutually exclusive with IDH1/2 muts in our series, as in previous reports \[[@bib17],[@bib26]\], thus underlining their association with poor prognosis. Unfortunately, the examined numbers of NF1 mutated GBMs, both here \[[@bib7]\] and in the aforementioned study \[[@bib22],[@bib30]\], are too small for definitive conclusions.

Our study adds more evidence in favor of a critical prognostic role of TERT in high-grade gliomas, which seems to lose its significance in the presence of other muts (MGMT and IDH) \[[@bib6],[@bib27]\]. Given the variable function of TERT in gliomas of different grade, one wonders whether it is an independent molecular marker or whether its significance is surrogate to other somatic muts encountered in these tumors. This is further supported by published data on TERT and IDH muts in gliomas \[[@bib11]\].

TERT promoter muts attract transcriptional factors that should not normally act at this site and thus contribute to the activation of TERT expression \[[@bib26]\]. TERT muts have originally been associated with tumors of low self-renewal \[[@bib19]\] including GBMs; in the latter, TERT muts increase the capacity of self-renewal and thus survival and growth \[[@bib28]\], despite the fact that they do not contribute to increased size of the telomeres \[[@bib26]\]. Previously, TERT promoter muts were shown to interact with IDH muts conferring a dual prognostic impact \[[@bib11],[@bib29]\]. We showed that TERT/IDH comutation conferred worse outcome than IDH-only in this cohort of high-grade gliomas, while TERT/NF1 comutation was a worse prognosticator compared with TERT-only. In larger pt series, the same will probably be proven for comutation of the TERT promoter with other driver genes in gliomas.

Our findings regarding TERT could be explained in the context of epistasis, where the effect of a given mut depends on the mutational context \[[@bib30]\]. In addition, reactivation of telomerase in cancer has been described as a double-edged sword \[[@bib31]\], in the sense that it promotes the perpetuation of already established genomic alterations, which drive malignancy. Obviously, because of the small size of our cohort, the presented data should be regarded as hypothesis generating needing validation in larger series of pts with high-grade glioma.

As expected, the promoter of MGMT in IDH mutant tumors was methylated, and all unmethylated tumors were IDH wt. The interdependence of TERT and MGMT has been shown in two significant papers \[[@bib32],[@bib33]\]. In the first one, the significance of TERT muts was further defined when MGMT was included in the prognostic analysis of molecular characteristics of gliomas \[[@bib32]\], while in the second, conversely, the effect of MGMT promoter methylation was enhanced by TERT muts \[[@bib33]\], thus reinforcing the theory of a potential codependent role of TERT. However, we must underline that in our cohort, its effect was independently significant in multivariate analysis, albeit with a marginal p-value, in the entire group.

Of note, in our group, PTEN muts were more frequent in NF1 mutant cases, as were EGFR muts. In addition, we could not confirm the data showing BRAF muts to be mutually exclusive with NF1. However, the number of pts with NF1 and BRAF muts was too small to allow for the drawing of robust conclusions.

The small numbers of NF1 mutated pts also prevent the drawing of safe conclusions regarding the role of MGMT in the setting of NF1. Overall, MGMT was significantly associated with OS as expected. In the search of a more "constitutional" mut in gliomas, MGMT promoter methylation represents a significant prognosis altering epigenetic event, but whether it can change the prognosis of NF1 mut tumors, would need a larger number of pts to assess. Furthermore, the stability of this alteration in the course of a GBM is uncertain \[[@bib34]\].

Overall, we studied several genes of interest in high-grade gliomas, and, like other investigators, as well as like in other tumors, we did not identify many new significant muts beyond those already known in the literature. Our sample appears to be representative of the known molecular biology of high-grade gliomas. Ideally, one would want to study these tumors prospectively using a uniformly grade III or grade IV group of pts, who are all treated in the same way.

Barring these reservations, this study adds to the growing body of evidence on the molecular complexity of high-grade gliomas. The role of NF1 in the sensitivity and resistance to specific therapeutic approaches and its ability to help us identify pts with a particularly poor prognosis needs to be further clarified. As the experience with TERT teaches us, these data are developing gradually and are open to revision, if further analysis of the mutational landscape of GBMs reveals new or more potent muts. Being that as it may, TERT remains of interest, and its significance in IDH wt gliomas is reinforced by our data.

Funding {#sec5}
=======

This work was supported by a research grant from F. Hoffmann-La Roche and by an internal HeCOG research grant. The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Conflict of Interest {#sec6}
====================

ER: Advisory Board: Novartis, Honoraria: Novartis, Travel: Genesis Pharmaceuticals, Pfizer, Roche, Bristol-Myers Squibb, Genekor.

GF: Advisory Board: Pfizer, Sanofi and Roche, Honoraria: Astra-Zeneca.

Appendix A. Supplementary data {#appsec1}
==============================

The following are the supplementary data to this article:Multimedia component 1Multimedia component 1Multimedia component 2Multimedia component 2

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.tranon.2019.10.016>.

[^1]: wt: wild-type; mut: mutated. *P*-values in bold indicate statistically significant results at the 5% level of significance.

[^2]: wt: wild-type; mut: mutated. *P*-values in bold indicate statistically significant results at the 5% level of significance.

[^3]: N, number; HR, hazard ratio; CI, confidence interval. *P*-values in bold indicate statistically significant results at the 5% level of significance.

[^4]: Continuous variable.
